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ABSTRACT 
 
 
 
Development of a MALDI–Ion Mobility–Surface-Induced 
 
 Dissociation–Time-of-flight–Mass Spectrometer for the Analysis  
 
of Peptides and Protein Digests.  (December 2003)  
 
Earle Gregory Stone, B.S., University of Texas  
 
at San Antonio  
 
Chair of Advisory Committee:  Dr. David H. Russell 
 
 
 
 Peptide sequencing by surface-induced dissociation (SID) on a 
MALDI-Ion Mobility-orthogonal-TOF mass spectrometer is 
demonstrated. The early version of the instrument used for proof-of-
concept experiments achieves a mobility resolution of approximately 
20 and TOF mass resolution better than 200.  Peptide sequences of 
four peptides from a tryptic digest of cytochrome c (ca. 1 pmol 
deposited) were obtained.  The advantage of IM-SID-o-TOFMS is that 
a single experiment can be used to simultaneously measure the 
molecular weights of the tryptic peptide fragments (peptide mass 
mapping) and partial sequence analysis, (real time tandem mass 
spectrometry.)  Optimization of the MALDI–IM–SID–o-TOF mass 
spectrometer for peptide sequencing is discussed.  SID spectra 
iv 
obtained by using stainless steel, Au grids, and fluorinated self-
assembled monolayers (F–SAM) on Au are compared. Optimum 
collision energies differ for the various surfaces. 
The fragmentation patterns observed for a series of peptides 
and protein digests using the Nd:YAG laser (355 nm) for MALDI ion 
formation and an FSAM surface for ion activation is compared to the 
fragmentation patterns observed for CID and photodissociation.  The 
fragmentation patterns observed in all cases are strikingly similar.  
Photodissociation produced a greater abundance of ions resulting from 
side-chain cleavages.  As a general rule optimized SID spectra contain 
fewer immonium ions than either photodissociation or CID. 
 Evaluation of an instrument incorporating a new hybrid drift cell 
is discussed.  Spectra for a digest of hemoglobin is compared to that 
acquired with an ABI 4700 TOF-TOF.  The performance of the 
instrument is also evaluated using a micro-crystal Nd:YAG laser (355 
nm) for MALDI operated at 400 Hz. Experiments were performed to 
determine the sensitivity and overall performance of the instrument.  
The reproducibility of the MS/MS spectra for gramicidin S is shown to 
be 94% run-to-run.  The best mobility resolution obtained for a neat 
deposition of the dye Crystal Violet was 60 t/∆t.    
v 
Sensitivity was tested with the peptide fibrinopeptide A (m/z 1537, AA 
sequence ADSGEGDFLAEGGGVR). Data acquired for sixty seconds 
with approximately sixty femtomoles deposited. Abundant [M+H]+ 
ions where observed as well as  [M+H]+-NH3 ions.  The S/N for this 
short run was insufficient to identify any SID fragments.  
vi 
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1 
CHAPTER I 
 
INTRODUCTION 
 
 
The Problem 
 
 Recombinant DNA technology has opened the book on the 
interplay between genotype and phenotype at a molecular level and 
has had the consequent effect of increasing the need for analytical 
instrumentation.1  Any advances in biotechnology, specifically those to 
address the growing need for protein identification and 
characterization (e.g. proteomics), are limited by the means, the 
analytical instrumentation and techniques, necessary to uncover the 
information in so rich a source. The response in regards to instrument 
development has been the design of more rapid, efficient mass 
spectrometry techniques (biological mass spectrometry among 
others) to replace pre-proteomics methodologies, all in an effort to 
speed the delivery of the information contained in the genome to the 
volume of scientific knowledge.2,3,4,5 The health and longevity of a 
program designed to develop new analytical instrumentation for 
__________________________ 
This dissertation follows the style and format of the Journal of Mass Spectrometry. 
2 
proteomics is evidenced by the emergence of programs such as “The 
PepTalk Conference” (http://www.chi-peptalk.com/) where leading 
thinkers in the field of proteomics help other potential end users of 
this technology come to grips with the nuts and bolts issues of how to 
properly exploit these emerging technologies.  Because of the 
enormity of the protein expression of any given genotype the primary 
consideration for the design of instruments intended for use in the 
fields of biotechnology must be that they possess a high throughput 
capacity.  High throughput can best be accomplished by providing for 
(1) simple, limited purification of small amounts of proteins from 
complex mixtures, and (2) sensitive, rapid generation of the 
necessary information sufficient for structural determination.  
Current Trends in Proteomic Technology 
The rapid growth in the field of biological mass spectrometry 
and especially the area of proteomics is directly attributable to the 
development of ionization sources capable of introducing large, 
thermally labile molecules into the gas phase (i.e. matrix-assisted-
laser-desorption-ionization (MALDI) and electrospray ionization 
(ESI).)6  HPLC and capillary electrophoresis7,8 have taken center stage 
in meeting challenge (1) as stated above, and when combined with an 
3 
ESI-mass spectrometer (e.g. LC/MS9,10,11,12 and CE/MS13,14) are 
capable of addressing both challenges (1) and (2).  These current 
state-of-the-art bioanalytical techniques provide efficient on-line 
separations with excellent sensitivity (subpicomole amounts of 
material can be analyzed), and the amino acid sequence information 
needed to determine the structure of peptides, proteins, 
oligonucleotides, and other large biomolecules is obtained. 
 The development of MALDI time-of-flight mass spectrometry 
(TOFMS), as conceived by Hillenkamp and Karas,15 has proven equally 
effective and efficient as LC/MS and CE/MS in fulfilling conditions (1) 
and (2).  Briefly, MALDI is a pulsed ionization method (ca. 5 ns pulse 
width), thus the ions are formed over a very short time span, and 
predominately singly charged [M+H]+ ions with relatively low internal 
energies are formed.16,17,18,19,20  MALDI as compared to ESI has some 
distinct advantages, i.e. the sensitivity of MALDI for peptides is 
excellent, as it exhibits both low detection limits (femtomole to sub-
femtomole, attomole detection levels have been reported),21,22,23,24 
the ability to handle complex mixtures, and a relatively high tolerance 
of contaminants commonly found in biological samples (including 
salts, buffers, and detergents added for sample processing) MALDI is 
also advantageous instrumentally as it is a pulsed beam technique 
4 
that does not require any gating that might result in some of the 
limited amount of analytes of interest typically available from 
biological samples being discarded. Additionally, the utility of MALDI 
as a high pressure ionization method has been demonstrated 
previously and is especially useful for experiments discussed in this 
dissertation.25  The use of MALDI is even more appealing for high 
throughput protein analysis in light of  recent developments in sample 
preparation such as Zip Tips™ coupled with MALDI,26,27 digestion of 
proteins employing organic solvent systems,28 and on plate 
digestion.29,30 
The combination of MALDI or ESI with enzymatic digestion has 
proven to be an excellent tool for the rapid identification of proteins; 
providing information that takes effective advantage of the extensive 
protein databases (PDB) already in existence.31,32,33  In particular, the 
mass analysis of MALDI formed ions by TOFMS has evolved as an 
efficient tool for the analysis of these thermally labile, non-volatile 
biological compounds, e.g. peptides, RNA and DNA, and especially 
mixtures of peptides resulting from the tryptic digests of proteins.34,35  
The technique referred to as peptide mass mapping (PMM) by MALDI-
TOFMS is rapidly becoming the method of choice for proteomics;36,37 
however, identification of proteins that are not listed in a database or 
5 
that are post-translationally modified may not be possible using only 
PMM.38,39 Clearly, these problems motivate the continued 
development of tandem mass spectrometry (MS/MS) which provides 
an attractive, logical solution for identifications of unknown 
proteins.40,41  
Since the introduction of MALDI and ESI, not only has the 
methodology of protein identification and characterization witnessed 
dramatic and substantial changes, the instrumentation used for 
tandem MS has also rapidly evolved.  For example, the original 
tandem mass spectrometers were either triple quadrupoles or 
magnetic sector instruments;42 but in the last few years tandem MS 
instruments such as quadrupole ion traps, reflectron TOF, and various 
hybrid instruments using a combination of quadrupoles, ion traps, and 
TOFs have been developed.43,44,45  The ideal tandem mass 
spectrometer would be capable of simultaneously acquiring partial 
sequence information (MS2 spectra) on all the peptides in the PMM 
(MS1 spectra),46 and to date this goal has not been achieved as 
current state-of-the-art MS/MS instrumentation relies upon sequential 
peak interrogation for peptide sequencing.  With respect to 
proteomics, the inability of traditional tandem MS to simultaneously 
acquire MS1 and MS2 spectra is a significant limitation. For example, 
6 
several minutes are required for interrogation of each sample, or even 
longer depending upon the number of peptides in the PMM and the 
number of laser shots required to achieve an acceptable S/N level. 47  
Typically the mass spectrometer (MS1) is scanned to acquire the 
mass spectrum of the intact analytes, i.e. PMM, and MS1 is then used 
to select specific ions of interest.  The mass selected ions are then 
activated and fragmented by using collision-induced dissociation,48 
photodissociation,49 spontaneous decay (metastable ions),50 or  
surface-induced dissociation (SID),51 and the fragment ion spectra of 
the selected ion is acquired using a second mass spectrometer (MS2).  
The sequential analysis of the PMM places a high demand on analytes 
which may be of limited abundance.  It would therefore be useful not 
only for purposes of increasing throughput but also for reasons of 
decreasing the amount of analyte required to acquire both the PMM 
and partial sequence information simultaneously.  The necessity of 
interrogating each intact analyte ion individually, by scanning electric 
or magnetic fields, limits sample throughput of complex mixtures.  
The simultaneous acquisition of all product ions from a mixture of 
analytes is possible and has been demonstrated using FT–ICR 
multiplexing schemes.52 However, the information obtained by the FT-
ICR experiment is limited by the lack of a correlation between the 
7 
MS2 ions and precursor [M+H]+ ions for highly complex biological 
mixtures such as whole cell analyses of yeast as demonstrated by 
Smith et al.52 
Separation/MS Timescale Compatibility 
 Given an ideal tandem MS instrument capable of simultaneous 
acquisition, as noted above, the sample throughput requirements for 
proteomics must still be met.  An emphasis on rapid, efficient 
separation methods is of primary concern.  The limiting factor in the 
methods discussed above is the disparity in the timescale of current 
separation methods and the timescale of the mass analyzer.  The 
timescales for HPLC and CE separations, the currently favored 
methods of separation, are really not compatible with the timescale of 
MS.53  Typical HPLC analysis of biological materials requires several 
minutes to hours, whereas the mass spectral data can be acquired at 
Hz to kHz rates depending on the type of mass spectrometer that is 
used. The time scale for separation thus necessarily limits the sample 
throughput, and is an inefficient use of the mass spectrometer. 
 Although CE separations are more rapid than HPLC, minutes are 
still required with the mass spectral data acquired at much higher 
rates.54  Ion Mobility (IM) separation, on the other hand, can be 
performed in milliseconds per separation requiring only a minute or 
8 
even less to achieve a useful signal-averaged spectra.  This allows the 
MS data to be collected at rates in excess of 50 kHz. 
Background for Ion Mobility  
The ion mobility instrument is composed of an ion source, a 
series of rings to provide a linear acceleration field and a neutral bath 
gas, and a mass analyzer.  Separations are based on a repetitive 
series of accelerations and decelerations prior to elution or detection.  
The ions are accelerated by the electric field and then experience a 
deceleration that results from collisions with the bath gas.  As a 
result, a steady-state drift velocity is obtained as the energy imparted 
by the electric field is quenched by the collisions and the ions obtain a 
near thermal equilibrium state with the bath gas.  A “one-
temperature” approximation can then be assumed as long as the field 
strength, E, is low enough and the gas pressure, P, is sufficiently high 
enough that there are sufficient collisions, or E/P < 2 V cm-1 torr-1, 
known as the “low-field” limit.     Under these conditions the mobility 
of the ion (K, expressed in the units cm2 V-1 sec-1) can be considered 
to be constant, thus ion mobility separations are based on the 
collisional cross-section (σ) of the ions. The relationship between ion 
mobility and collisional cross-section is illustrated by Mason and 
Revercomb:55 
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(Equation 1) 
 
 
Where m is the ionic mass, M is the neutral bath gas mass, Ω(1,1)* is 
the first order collision integral, ∆ is a correction term for higher order 
approximations.  Ω(1,1)* contains both a hard sphere collision term and 
a term for ion-neutral interactions, but the ion-neutral interaction 
term for peptide ions interacting with atomic and small molecule bath 
gases is very small and can be neglected. Total drift times, td, can be 
calculated for these as a function of K, field strength (E), and drift cell 
length (d) by:  
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rger molecules Ω α  surface area (Å2).  
 α Å2/z   (Equation 5) 
10 
The implication of Equation 5 then is that ions with a larger Å2, will 
arrive at the detector later than ions with a smaller Å2. 
 As previously stated, with a mass spectrometer acquiring at 100 
kHz, drift times of milliseconds allow a very efficient use of the mass 
spectrometer.  The dead time between acquisitions is reduced (see 
the section on high repetition rate lasers later in this chapter), but the 
transit times of ions in the drift cell are sufficiently long that all the 
ions from each ionization event can be mass analyzed.  This is an 
important consideration when designing MS/MS experiments that are 
necessary for structural determinations of peptides using “soft” 
ionization techniques.  To take advantage of the ion sampling 
efficiency of IM for an MS/MS experiment it is assumed that the drift 
cell functions analogously to a mass spectrometer.  The mobility 
selection is roughly equivalent to MS1, prior to activation and 
subsequent mass analysis, MS2.  At high mass, mobility drift times 
are dominated by collision-cross section not mass, as seen in 
Equation 1; however, for a near homologous series of peptides a 
relationship between mass and total drift time can be observed (See 
Figure 1)56 as in work involving cytochrome c.  Additionally, ion  
11 
 
Figure 1:  A MALDI/IM/o-TOF spectrum of a tryptic digest of cytochrome c and a 
plot of m/z vs. total drift time for twelve selected peaks 
12 
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13 
mobility allows for an added dimension of information with the 
capability of observing the gas-phase conformation of the ions.57,58  
 IM allows for an added dimension of information not available in 
other MS/MS experiments, viz. the ability to observe different gas-
phase conformations for the same ion.59  Bradykinin fragment 1-5 (AA 
sequence RPPGF) is an excellent example.  At low field strengths the 
two observed conformations do not interconvert and the 
fragmentation patterns for the two isomass conformations can be 
observed, Figure 2.  The SID spectra for each of the bradykinin 
fragment 1-5 [M+H]+ ions, where the conformations are induced by 
intramolecular hydrogen bonds, are identical. However, the possibility 
exists for species that possess two conformations due to cationization 
by metal ions or covalent cross linkers that the fragmentation would 
be different and without IM there would be no way to know what 
fragments corresponded to which conformer as the parent ions are 
isomass. 
The Case for IM 
 One approach to the ideal tandem mass spectrometer is to 
couple IM to TOF mass spectrometry.60  IM appears to be the single 
technique capable of high-speed separations, thereby reducing the 
amount of time required for cleanup of biological samples.61  IM, 
14 
which can be considered to be a gas-phase analog of 
electrophoresis,62 shows considerable potential to provide useful 
separations that are congruous with a mass spectrometric time scale.  
IM separations can be achieved in 100 µs to 20 ms per elution cycle 
with separation achieved on the basis of size, viz. surface area-to-
charge (Å2/z) (assuming that as stated previously that the interaction 
potential is negligible).63  IM drift times can be adjusted with judicious 
instrument design and choice of experimental parameters to be two to 
three orders of magnitude longer than the mass spectrometric flight 
times.  It is therefore possible to take advantage of the kHz data 
acquisition rate of the mass spectrometer while allowing for a 
sufficiently long elution profile to simultaneously acquire the mobility 
(e.g. MS1) and TOF (e.g. MS2) mass spectra.  The slight differential in 
time scales between the IM separation and the TOF mass analysis 
effectively provides the ability to interrogate all the ions resulting 
from a single ionization event.  This dissertation will demonstrate that 
MALDI–IM–TOFMS can simultaneously acquire the PMM and partial 
peptide sequence information when coupled by SID, i.e. the Fellgett 
advantage (See Figure 3.) 
 The marriage of IM and TOF for MS/MS experiments is 
facilitated by the near-linear relationship (for a relatively narrow m/z  
15 
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17 
range) between total drift time and m/z for the typical mass range of 
peptides resulting from tryptic digestion, e.g., m/z 500 – 3000 (See 
Figure 1), and variations from a linear relationship, are due to the 
different packing efficiencies of the peptide sequence.  For example, 
Griffin et al. showed that the mobility of structurally related 
compounds decreases almost linearly with mass and the standard 
error in a mass-mobility correlation can be as low as  +2 %.64  Karpas 
et al.65 also showed that a mass- mobility correlation exists and that 
inclusion of an empirical, mass-dependent correction factor in Mason’s 
collision cross-section equation gave quantitative agreement between 
mobilities and mass. The resolution, 30 – 200M/∆M, typically 
attainable with simple drift cells used in ion mobility experiments is 
also amenable to the described experiment as the resolution provides 
a sufficiently wide peak for adequate ion statistics. 
 The fact that IM is capable of separating complex biological 
samples on the basis of compound class (see Figure 4) provides 
additional benefits.  It has been shown that the gas-phase 
confirmations of peptides, lipids, nuclear material, and typical 
biological sample contaminants can be separated into structurally 
related classes of compounds, that is different classes have a different 
k, i.e., K-1αkΩ/z and therefore K-1αkÅ2/z.  This capability has a direct 
18 
 relation to the peak capacity of the IM-MS experiment.66,67 Even 
though IM separation of peptides is very closely related to mass, the 
IM-MS experiment has a peak capacity approximately five times 
larger than that of a TOF-TOF experiment, or any MS1 experiment of 
comparable mass resolution, because for even a near homologous 
series such as the peptides generated by the tryptic digestion of a 
protein there are small differences in the gas-phase conformation of 
the peptides.58  Structural differences that result from post 
translational modification or for helical peptides can be considered 
compound classes, which can be distinguished on the basis of their 
drift time-m/z.  The ability of IM to separate the compound increases 
the comparative peak capacity by the number of compound classes in 
the sample as long as the compound classes do not overlap in the IM-
MS space, i.e. the addition of another compound class to the sample 
is additive to the total peak capacity.  Furthermore, the multiple 
charge states typical for ESI formed ions are also separated by IM and 
add to the total peak capacity.  The utility of this separation of 
compound classes includes separating matrix related ions for the 
analytes, thus the partial sequence information can be expanded to 
include immonium ions which are typically masked with matrix ions 
and matrix ion fragments (See Figure 5.) 
19 
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 A further benefit is the capability of using isomass internal 
calibrants.  Accurate mass measurement is of great importance when 
mapping complex mixtures.  Absolute mass determination requires 
mass calibration using either an external or internal standard.68,69  
The primary problem with use of external standards can lead to 
ambiguous results over an extended mass range such as that for a 
typical tryptic digest.  The same is true for matrix calibrants.  Internal 
calibrants are used to correct for affects of changing instrumental 
variables. As in the case of matrix monomers and dimers the signal 
from internal calibrants can often be much more intense than peptide 
signals which can often occur in only trace amounts. The use of 
peptides or proteins to bracket higher masses may also overlap with 
the analyte signal or may be difficult to find a suitable pair when the 
masses of peptides of interest are unknown. Montaudo et al. 
developed a method using self-calibration for polymers, but it requires 
knowledge of the repeating unit.70,71  Nelson et al. have developed 
two methods for internal calibration of protein digests using the over 
sampled amino acids as internal calibrants which can be correlated 
with the calculated amino acid sequence.72  Furthermore, these 
methods require prior knowledge of the analyte, and this may not be 
possible when analyzing protein digests that contain unknown or  
21 
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modified proteins.  On the other hand, carbon cluster ions formed by 
laser desorption and co-deposited with the matrix/peptides, can be 
used for high precision mass calibration in the IM-TOF experiment.  As 
IM separates ions based on collisional cross-section (Å2/z), a 
difference in collisional cross-section between a near homologous 
series of peptides and a homologous series of carbon or salt clusters 
results in separate mass-mobility groupings for each being observed.  
Carbon and salt clusters possess a different change in mobility drift 
time with respect to m/z (∆τ/(∆m/z)) than the isomass peptides 
thereby eliminating the overlap and the consequent loss of peptide 
signals by the internal. (See Figure 6) 
Background for SID 
 The molecular weights of the peptides can be obtained from the 
peptide mobility–mass map, and fragmentation of the peptide ions 
between the mobility drift cell and TOF ion source yields fragment 
ions that provide partial or complete sequence of the peptide. SID is 
advantageous for activation of the eluting ions prior to mass analysis 
of the fragment ions as the combination of SID with MALDI, IM and 
TOF provides considerable benefits and flexibility in terms of 
instrument design when compared to CID.  
23 
Significant progress has been made in the last few years to 
better understand SID and to improve reliability as a structural probe  
for gas–phase ions.50 SID has been shown to exhibit specific 
advantages over the more established method of CID.73 In SID 
coupled MS/MS experiments other than IM-TOF, selected ions are 
collided with solid surfaces at collision energies of 10-100 eV. For 
example, Laskin and Futrell claim that the internal energies of greater 
than 10 eV are possible by SID, making it the method of choice for 
fragmentation of large biomolecules.  More importantly, the internal 
energy of the excited ions has a narrow distribution74 and is easily 
controlled by the collision energy, which is a function of surface 
material and ion velocity.  It has been shown75 for cyclic peptides that 
fragment ions leave the surface after collision with a common velocity 
and that the dissociation event occurs away from the collision 
surface.76  However, since the ions leave the surface with a wider 
range of kinetic energies, with the distribution of energies increasing 
with mass, it is expected that there will be some loss of mass 
resolution. The degradation of mass resolution though should not be a 
problem as it has been demonstrated that proteomic software 
packages on the Internet can successfully identify a peptide given the 
mass of the digest parent ion and as few as two fragment ions of that  
24 
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parent provided with a modest mass accuracy of +1 Da.  Using the 
PepFrag routine provided in PROWL,77 it can be shown with a mass 
accuracy of + 1 Da78 that protein identification can be accomplished 
with only two tryptic digest fragments over mass 1000 with one or 
two corresponding SID fragments  (Figure 7).  The following search 
criteria were employed: the Kingdom field was set to other 
mammalia, trypsin was selected as the digestion enzyme, the digest 
fragment type was selected as the [M+H]+, number of protein 
matches was set to 100, average mass was selected, and the mass 
accuracy for both digest fragment and SID fragment was set to + 1 
Da.  Total search times averaged two seconds. 
 As IM drift tubes and TOF analyzers are relatively simple to 
design and construct, SID does not add any additional complexity as 
it does not require expensive lasers like those needed for 
photodissociation nor the introduction of a bath gas, increasing 
vacuum requirements in the mass analyzer, and gas controllers as 
with CID.  In addition to the value of the instrument configuration for 
sequencing peptides, the pulsed nature of the MALDI–IM experiment 
provides a new dimension to fundamental studies of the utility of SID. 
For example, time based studies applied to SID experiment can reveal 
differences between ions undergoing quasi–elastic scattering, inelastic 
26 
scattering, or capture and thermal desorption providing insight to the 
partitioning of translational energy into the three post–collision 
modes; conversion to internal energy, transfer to the surface, and 
scattering energy.  
The Case for SID   
 The generation of partial sequence information from MALDI 
formed ions presents a small challenge to instrument design as well.  
As MALDI is a relatively “soft” ionization technique the abundance of 
structurally significant fragment ions is low and steps must be taken 
to induce fragmentation of the protonated peptide ions, [M+H]+, to 
determine peptide sequences or sites of post-translational 
modifications.  Fragmentation of the ions can be increased by 
judicious choice of the MALDI matrix79 or by using an ion activation 
process, e.g., collision-induced dissociation (CID),80 photodissociation 
(PD),81 or surface-induced-dissociation (SID)82 with subsequent mass 
spectrometry analysis of the fragment ions, so-called MS-MS or 
tandem mass spectrometry. 
 As implied above, the increased throughput, efficiency, and 
dimensionality of information observed using IM/MS can be further 
enhanced when coupled in an MS/MS experiment utilizing surface-
induced dissociation (SID), collision-induced dissociation (CID), or  
27 
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photodissociation (PD).  IM-TOF is of particular interest for MS/MS 
experiments as both IM and TOF can be used as time–domain m/z 
separators.  Fragment ions arising from protonated pe t 
dissociate following mobility separation will arrive in the TOF ion 
source simultaneously such that a drift–time correlation between the 
fragment ions and the precursor [M+H]+ ion is established.  The m/z 
value of [M+H]+ and fragment ions are measured using the TOF 
analyzer. The resulting plot of mobility drift time vs. m/z (TOF) (See 
Figure 8) simultaneously yields both a series of mobility separated 
[M+H]+ ions (the peptide mass map) and the fragment ion spectra 
associated with a particular [M+H]+ ion (peptide sequence 
information.)40,41 Additionally, Laskin and Futrell have reported 
dramatic improvement in S/N for their FT–ICR SID studi s 
important for biological samples where often the signal of interest is 
one for a peptide of low counts or may be lost in the biological, or 
matrix background.83 
High Repetition Rate Lasers 
 With significant improvements in the compatibility of 
timescales for separation and mass analysis of proteomic samples 
using the MALDI-IM-SID-TOFMS, the limiting factor now becomes the 
repetition rate of the laser typically used for MALDI.  The a
ptid
es, w
cqui
es
h
sit
 tha
ich i
ion   
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time for simultaneous acquisition of the PMM and associated SID 
spectra is less than five minutes per digest sample using a nitr en 
laser operated at 20-30 Hz. This acquisition time can be further 
reduced to less than a minute with the incorporation of a high 
repetition rate frequency tripled micro-crystal Nd:YAG (355nm) laser 
operated at 400 Hz (See Figure 9.)   
 The IM-MS experiment is composed of three events, the MALDI 
event, the IM separation, and the TOF mass analysis.  The duty cycle 
of the instrument then is determined by the slowest repeating e   
For a typical MALDI experiment this is set by the rate of the laser, 30 
Hz or once every 33 msec.  With the IM separation occurring on a 1-2 
msec cycle this means that there is approximately 30 msec of dead 
time waiting for the laser to fire again before another packet of  
can be separated by IM.  Dead time between laser shots is reduced by 
a factor greater than ten when operated at 400Hz, 2.5 msec between 
laser shots, using the high repetition rate micro-crystal laser. The 
dead time is now reduced to 0.5 msec. The sampling  
determination is now limited by the time it takes to elute a MALDI ion 
packet through the drift cell, 1-2 msec, as the micro-crystal laser can 
be operated at kHz rates.  
 
og
vent.
 ions
rate
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Additional Considerations 
Beyond the scope of this dissertation, but still a factor to be 
considered is the development of expert systems to analyze the 
greater abundance of data obtained resulting from the increase in 
throughput, as evidenced by material available at web sites for 
proteomic conferences (http://www.chi-peptalk.com/pnf.asp), and 
analysis capacity can be accomplished with 
e inclusion of computer algorithms capable of peak harvesting, 
indeed as the bioanalytical instrumentation and methodologies of 
MALDI/TOFMS, LC/MS, and CE/MS are improved and consequently the 
ability of biotechnologists84,85 to explore increasingly complex systems 
is expanded, a push has been made to include the automated 
analysis.  Yates et al.86 developed such an instrument utilizing HPLC, 
electrospray, tandem TOFMS, and the SEQUEST software package.  
Using such systems researchers are able to load multiple samples in 
the evening before going home and then returning in the morning to 
review the results. To make such an instrument useful in the age of 
the computer and the Internet several other design factors need to be 
considered.  The instrument design should be capable of accessing 
protein or DNA databases and the operational software should provide 
data analysis capability before and after being connected to a 
database.  This automated 
th
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identification of secondary modifications, and translating and linking 
DNA sequences from the databases with the protein structural 
information obtained using mass spectrometry, i.e. amino acid 
composition, mass fingerprints, and/or peptide sequences. 
Conclusion 
The higher throughput for the MALDI-IM-SID-TOFMS is possible 
because (1) IM separation (at low pressures, 1-5 Torr He) is very 
compatible with the mass analyzer time scale (µsec), and (2) IM 
separates gas-phase ions on the basis of collision cross-section(σ)-to-
charge (z) ratio (σ/z), that is, to a first approximation m/z is 
proportional to an ion’s volume (size) and therefore the drift time for 
the ion.87 Thus, for approximately 90%88 of peptides resulting from a 
tryptic digest a near-linear mass-mobility correlation exists.89  
Additionally, the SID fragment ions arising from protonated peptides 
that dissociate following mobility separation in a field free region of 
the instrument in the TOF ion source arrive simultaneously 
establishing a drift-time correlation between the fragment ions and 
any precursor [M+H]+ ions surviving activation.90  The clear 
correlation between SID fragment ions and precursor [M+H]+ ions 
permits unambiguous assignment of sequence information to the 
PMM.  The time-resolved nature of the IM-SID-TOF experiment  
33 
results in a 2D IM-MS plot that yields both a series of mobility 
separated [M+H]+ ions (the peptide mass map) and the fragment ion 
spectra associated with a particular [M+H]+ ion (peptide sequence 
information.)27,91  Additionally, the pulsed nature of the MALDI–IM 
rovides for fundamental studies of SID.  For example, experiment p
time based studies applied to SID experiment can reveal differences 
between ions undergoing quasi-elastic scattering, inelastic scattering, 
or capture and thermal desorption providing insight to the partitioning 
of translational energy into the three post-collision modes; conversion 
to internal energy, transfer to the surface, and scattering energy. 
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CHAPTER II 
EXPERIMENTAL 
 
MALDI-IM-TOFMS Instrumentation 
MALDI, IM, SID, and TOF mass spectrometry are well suited to 
tackle bioanalytical problems.  A home-built instrument, with 
simplicity and robustness as the key features, designed around a 
practical combination of these analytical techniques was built for the 
proof-of-concept experiments (Figure 10.)  The instrument is 
comprised of a drift cell and ionization region (design pressure in the 
range of 1-100 Torr), a mass/mobility analyzer region (high vacuum), 
the necessary electronics to power and control the drift cell and 
analyzer region, and the appropriate computer hardware and 
software.  
The MALDI event has been demonstrated as compatible with the 
higher operating pressures92,93,94,95 of the drift-cell and was 
incorporated into the drift cell design to simplify the overall 
instrument construction. Ions are formed in the drift cell at its 
operating pressure on the direct insertion probe with the output from 
a focused nitrogen laser (337nm, 20 Hz pulse frequency.)  The angle 
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of laser incidence was adjusted as close to normal to the probe tip 
sample deposition surface as instrument design allowed in order to 
control the laser spot size and to maximize the simplicity of the ion
optics and the instrument.  
Interfacing the ion mobility drift cell to the analyzer region of the 
instrument was accomplished using a .005 inch thick plate with a
single orifice laser machined into the center.  The orifice size was
varied from 200 to 500 microns to limit the flow of gas in order t
maintain a reasonable vacuum (5 x 10-5 Torr or better) in the mas
 
 
 
o 
s
analyzer by not overloading the available vacuum system for a given
configuration, and remain large enough to not limit the sensitivity by
decreasing the ion transmission.  After exiting the orifice separating
the drift cell from the analyzer region, ions were focused into an axial
mobility detector or the extraction region of the TOF analyzer
orthogonal to the drift cell axis by a series of electrodes. The o-TOF
analyzer was designed to maintain a pressure of 5x10-6 to 5x10-5
Torr.   
Detection of ions for both mass and mobility analysis was
performed using micro channel plate (MCP) detectors and the detector
signals were processed in a single ion counting mode using a time-to-
digital converter (Ionwerks Model TDCX4).   The start signal to  
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measure the TOF is coincident with pulsing the extraction region (See 
Figure 11.)  The ions extracted orthogonally and accelerated into the 
mass analyzer are detected by a 4-anode MCP detector (Ionwerks).  
Data handling is similar to GC-TOF or LC-TOF instruments and the 
mobility sampling rate is limited to laser firing rate, and the TOF 
sampling rate is limited by flight time of heaviest ion and flight tube 
length, for an ion of m/z 5100 ion the flight time in a 20 cm
TOF is 20 µs.  At 5 Torr the drift times are in the range of 1 -2 ms.  
Because the drift time through the o-TOF extraction region is shorter 
than the flight time in the linear TOF a theoretical duty cycle (for ions 
exiting the skimmer) of up to 100% exists. 
Data acquisition starts coincident with the trigger pulse sent to the 
laser by initiating a series of pulse bursts that can be delayed by an 
amount of time greater than or equal to the drift time of a non-
retained species. Each pulse within a burst is a complete TOF 
spectrum. 1000-3000 laser shots were signal averaged to increase 
S/N, with a complete mobility spectrum acquired for each laser shot. 
Because the drift time of the ions through the extraction region is 
shorter than the flight time in the TOF, theoretically 100% of the ions 
eluting from the drift cell can be sampled in quick succession. This 
makes provision for later experiments to simultaneously observe 
 linear 
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several parent ions and their mobility associated SID fragment 
patterns in the same spectra.96   
As the TDC will be operated in list mode, the data acquired will be 
exported directly to a graphing program and displayed in “real-time”.   
Initially data will be analyzed manually with peak lists input into 
PROWL protein identification programs.  Data analysis was 
accomplished using Grams/32 (Thermo Galactic, Salem, NH) or 
Fortner Transform Version 3.3 (Research Systems, Boulder CO) 
software packages.  Fortner Transform was used to generate two-
dimensional contour plots with mobility separation shown as total drift 
time on the y-axis, m/z information shown o
 
n the x-axis, and brighter 
colors, yellow to white, indicating higher ion counts (hereafter 
denoted as a mass-mobility plot).  The data acquired using the 
Ionwerks TDC was smoothed for all contour plots. 
MALDI was performed in the IM drift cell (Figure 10) at a 
pressure of 5 – 10 Torr helium using a 337 nm nitrogen laser 
operated at near-threshold desorption levels with a repetition rate of 
20 Hz.  UHP helium was purchased from Praxair (Danbury, CT) and 
used without further purification or drying.   
 The TOF mass spectrometer was calibrated using a mixture of 
six peptides: HLGLAR (MW 665.8), des-Arg9-bradykinin (MW 904.0), 
40 
neurotensin fragment 1-8 (MW 1030.1), gramicidin S (MW 1141.5), 
substance P (MW 1347.6), and RRLIEDAQKAARG (MW 1519.7).  
Stu
2 A) between the 
mobil
 eV in the experiments 
usi  
dies were performed on single peptides, peptide mixtures, and 
protein digests. 
MALDI-IM-SID-TOFMS Instrumentation 
Figure 12 is a cutaway drawing of the first instrument incorporating 
a periodic focusing drift cell designed to improve ion transmission 
efficiency.  An additional benefit of the new drift cell is an improved 
mobility resolution, approximately 50 to 100 t/∆t.  The ion mobility 
chamber was operated between 1 to 5 Torr He with a field strength of 
10 to 40 V cm-1.The instrument was further modified for preliminary 
SID experiments by positioning a hydrocarbon coated (adventitious 
pump oil) gold grid (Buckbee-Mears, St. Paul, MN) in-line 
(perpendicular to the ion beam) (See Figure 1
ity drift cell and the extraction plates of the o-TOF source.97, 98 
For these experiments two grids, 300 lines per inch, 90% 
transmittance, were overlaid to reduce the transparency to ~80%.  
SID was performed at a grazing incidence angle99 to the surface and 
at collision energies ranging from 20 to 90
ng the gold grids. 
 This design was chosen based on convenience for performing  
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42 
SID and IM-TOF measurements on the same instrument.  The probe 
tip surface in this second generation instrument was normal to the 
drift cell axis in order to take advantage of the drift cell gas pressure’s 
l cone of the laser-desorbed plume and 
minimize loss of drift resolution due to the increased diameter of the 
flattened plume  
SID was also accomplished using an adventitious hydrocarbon 
coated stainless steel surface or an F–SAM (Figure 12).  These 
surfaces were positioned 400 to the incident ion beam and cm 
directly below a gridded TOF extraction plate (angled plate drawn in 
Figure 12). This is similar to the early instrument configu  
employed by the Cooks group.100  The length of the new periodic 
focusing drift cell was increased to 29.5 cm.  The instrument was 
further modified to allow the movement (see arrow Figure 12) of the 
20 cm o-TOF such that the SID surface could be lowered out of the 
ion beam and allow the acquisition of non-SID spectra (Figure 1
SID incident energies, 20 – 100 eV, were adjusted using the 
primary ion optics with the extraction plate bias voltages adju  
optimize mass resolution (m/∆m, FWHM). The mass resolution for 
non-SID fragment ions was greater than 200 and decreased to less 
an 100 for SID experiments.  Therefore the [M+H]+ and [M+Na]+ 
tendency to flatten the usua
 1 
rations
2 B.) 
sted to
th
43 
ions are not completely resolved and the SID spectra could contain 
fragment ions from both species.  We do not detect abundant 
fragment ions in the SID spectra that we would expect for the 
[M+Na]+ precursor ions, and this is probably due to the higher 
activation energies required to fragment the adduct ions.   Data was 
acquired for 1 – 2 minutes using the 20 Hz nitrogen laser. 
Ne
 
o 
spa
xt Generation MALDI-IM-SID-TOFMS Instrument 
 Figures 13 is a drawing of the next generation instrument 
incorporating a hybrid drift cell of the first and second instrument 
designed to improve the MALDI source conditions of a periodic 
focusing drift cell. A photo of the actual instrument is shown in Figure 
14.  This design opens up the MALDI region and employs an on axis 
near uniform field pre-separation region at focuses the ions into the 
periodic focusing section of the drift cell.  The pre-separation region is 
of a lower field strength than the periodic focusing region.  The large 
volume ion source and the lower field strength reduce ion loss due t
ce charge resulting in an overall increase in sensitivity without 
decreasing the mobility resolution.  MALDI formed ions were separated 
by their mobility in a low pressure gas (~1-2 Torr He) and activated 
by collisions with an FSAM surface in a field free region of the 
instrument for this instrument configuration.    
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 The sample probe was brought back in line along the axis of the 
drift cell.  The sample surface is refreshed by simply rotating the 
sample probe.  Provisions in this design were also made to 
accommodate a micro-crystal kHz laser manufactured by JDS 
Uniphase (San Jose, CA). The drift cell, ion optics, and TOF mass 
analyzer were built in-house.   
Experimental Procedure 
 The performance of the instruments was evaluated using a 
series of peptides varying in mass (500-2100 m/z), RKEVY (MW 
693.81), des-Arg9 bradykinin (AA sequence RPPGFSPF, MW 904.05), 
bradykinin (AA sequence RPPGFSPFR, MW 1060.24), gramicidin S (AA 
sequence cyclo-LFPVOLFPVO, MW 1141.5), substance P (AA sequence 
RPKPQQFFGLM-NH2, MW 1346.6), and α-melanocyte stimulating 
hormone (α-MSH) (AA sequence Ac-SYMEHFRWGKPV-NH2, M  
1664.9), purchased from Sigma (St Louis, MO) and used as delivered 
upon mixing 1 mg per 1 mL of methanol.  Mixtures of model peptid  
and peptide mixtures generated by proteolytic digestion of protei  
e.g. cytochrome c, bovine serum albumin, myoglobin, and chicken 
egg white lysozyme purchased from Sigma (St Louis, MO) and 
dissolved in methanol without further purification, were also used to 
evaluate instrument performance. 
W
es
ns,
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 Digestion was accomplished according to a protocol developed 
in the research group101. Briefly the proteins were dissolved in 
aqueous a 50mM ammonium bicarbonate solution to make a 1 µM 
protein solution, then incubated at 900C for 20 minutes in an airtight 
micro-centrifuge tube. Following incubation, the protein was placed in 
an ice water bath to quench the denaturation. The thermally 
 digested with trypsin at 370C for 4 hours 
y diluting the peptide solution with 
denatured protein was then
using a 40/1 (weight of substrate/weight of trypsin) concentration. A 
50/50 solution of 2',4',6'-trihydroxy-acetophenone and fructose was 
added to the protein solution to obtain a protein/matrix solution with 
a 1000/1 matrix to analyte ratio. The inclusion of fructose increases 
sample homogeneity and durability.102  Samples will be deposited to 
the probe tip using the dried droplet method.103  Ions will be mobility 
selected, activated using SID, and mass analyzed. Data handling is 
similar to that of LC-TOF instruments (Figure 11). 
Protein and peptide coverage was calculated and compared to 
spectra acquired using a PerSeptive Biosystems Voyager Elite XL TOF, 
operated in linear mode, an ABI 4700 TOF-TOF, and an in-house built 
MALDI-photodissociation-TOFMS employing identical sample 
preparation procedures.  All samples, with the exception of limit of 
detection studies, were prepared b
48 
a matrix solution composed of 11 mg of α-cyano-4-hydroxycinnamic 
acid and 11 mg of fructose in 1 mL of methanol.  2 – 4 µL of the 
analyte/matrix solution, corresponding to a few hundred picomoles of 
material, were deposited by the dried droplet method onto the direct 
insertion probe tip.  
In the case of digests, 2 µL of the digestion solution, without 
further cleanup, desalting, or separation, was added to 20 µL of the α-
cyano/fructose matrix solution.  Approximately 100 femtomoles of 
analyte were deposited on the sample probe using the dried droplet 
method at a 1000:1 matrix to analyte ratio.   
MALDI ions were formed at near-threshold levels using a 337 
nm nitrogen laser operated at 20 Hz. Data was collected and signal 
averaged for 1 to 2 minutes.  Data analysis was accomplished using 
Grams 3D and PROWL protein identification programs. 
49 
CHAPTER III 
PRELIMINARY STUDIES ON THE HYPHENATION 
 
 
OF MALDI, IM, SID, AND TOFMS 
 
Analysis of Model Peptides 
Before analyzing complex peptide mixtures, a series of single 
component samples were analyzed to show that flight times through 
the drift cell increase near-linearly with increasing m/z of the peptide, 
i.e. to demonstrate that IM can be used as the primary mass 
analyzer.   
by the hard-sphere collision cross-section term, i.e. surface area-to-
charge (Å2/z), and the ion-neutral interaction potential term can be 
neglected.63  Figure 15 contains a plot of experimentally measured 
drift time vs. m/z for twelve peptide fragment ions (determined using 
the peak centroids in the 3D plot, see figure page 56) obtained by 
digestion of cytochrome c with trypsin (vide infra).  The error for the 
m/z is determined to be +
The mass-dependent mobilities for peptide ions are dominated 
 1 amu.  It has been shown by Ruotolo and 
coworkers that the maximum deviation from a linear trend is +11% 
when the data set is extended from twelve peptides to 234 peptides.66   
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The y-intercept in Figure 15 corresponds to the flight time of an ion in 
the absence of a neutral bath gas.  Clemmer and coworkers have 
shown similar data for singly charged peptide ions formed by 
electrospray ionization,104 and the results shown in Figure 15 simply 
confirm their observations and the earlier work by Griffin d 
Karpas.65 SID experiments were also performed on three model 
peptides to illustrate SID fragmentation efficiency and types of 
fragment ions produced from the digest fragment ions created by 
MALDI.   The SID results for peptides are very comparable to results 
reported previously by Wysocki.105  Figure 16 contains th ID 
spectrum of the hexapeptide HLGLAR (m/z 666.8).  For simplici
the b- and y-fragment ions are labeled.  Unassigned peaks are largely 
due to the loss of water or ammonia from the SID fragment ions.  The 
loss of small neutrals is common through out all the SID spectra 
acquired for arginine and lysine containing peptides as is also the case 
with CID and photodissociation.106  The spectra were acquired under 
conditions (20 eV collision energy) that are sufficient to obtain an 
almost complete SID fragmentation series for a low mass parent.  The 
results are in excellent agreement with those of Kaiser et al.1  
spectrum contains a complete series of y-type fragment ions (y
64 an
e S
ty only 
07 The
1-y5)  
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and most of the expected b-type (b2-b4) fragment ions.  The te 
y-type fragment ion series is anticipated due to the presence of the C-
terminal arginine.  Figure 17 contains the SID spectrum of the cyclic 
peptide gramicidin S (m/z 1142.5).  This spectrum is very s in 
terms of fragment ion yields) to the SID spectrum of gramicidin S 
reported by McLafferty and coworkers.108  The spectrum in Figure 17 
id that of the singly charged parent while the parent investigated in 
McLafferty’s work is the [M+2H]2+. As a result the intensity of the 
hexapeptide (and larger) fragment ions were of greater abun in 
the spectrum in Figure 17 than in McLafferty’s work.  se 
gramicidin S is a cyclic peptide, the SID fragment ions produced 
depend upon the site of ring opening as opposed to the amino acid 
sequence; therefore, this spectrum is included to illustrate the 
efficiency of SID for producing fragment ions from a relatively stable 
peptide ion.  
 Figure 18 contains the SID spectrum of protonated bovine 
insulin b chain (m/z 3495.5). In addition to the single and doubly 
charged parent ions the y15 through y29 fragment series and  
through b29 fragment ions are observed.  The doubly charged  
ion is formed by the SID process, because the appearance of 
comple
imilar (
dance 
Becau
 the b16
 β-chain
this ion  
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57 
in the mass spectrum is not accompanied by an appearance in the 
mobility spectra.  The mechanism of forming the [M+2H]2+ ion is not 
known, but this suggests two possibilities.  The first is that the 
protonation is occurring upon impact with the surface, i.e. ion/surface 
reaction.  Experimental evidence for the transfer of atoms or g s 
of atoms, in particular hydrogen atom(s) from hydrocarbons, fr r 
to the surface has been shown by Cooks et al.109  The second is the 
possibility of a doubly charged dimer arriving simultaneously in drift 
time with the singly charged as suggested by Clemmer.110 . The 
partial y-type and b-type ion series observed provide a com
sequence of the peptide.  For example, the y15-y29 fragment ions can 
be used to determine the first 14 amino acids from the N-terminus, 
whereas the b16-b29 ions identify the remaining amino acids.  
Analysis of a Model Protein Digest 
 Figure 19 contains a plot of MALDI-IM-o-TOFMS da r 
an "in-solution" digest of cytochrome c.  M/z data is represent n 
the x-axis, the y-axis is the total drift time for each digest fragment 
ion, and the z-axis is the total ion count.  This data format is actually 
a 2-D (mobility and m/z) display of a peptide mass map. The data 
shown are typical for thermally denatured tryptic protein diges  
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The digest and SID fragments listed in Table 1 were identified by 
searching the protein database (Swis-Prot) and using the Protein 
Prospector MSFit program. These peptide fragments account of 
the 104 (87.5% coverage) amino acids present in cytochrom
prominent digest fragments in the 2-D peptide mobility/mass map 
(Figure 20) were selected by ion mobility (MS1), subjected to SID, and 
then analyzed by o-TOFMS. The SID fragment ions have the same 
mobility as the parent ion, because the fragment ions are formed 
after the [M+H]+ ions elute the drift cell.  The time scale of an IM 
separation, 100 us to 20 ms, is one to two orders of magnitude longer 
than the flight times in the mass spectrometer (10-100 us).  
Consequently, it is possible to acquire SID fragment ion spectra for all 
ions eluting the drift cell from a single ionization event. The SID was 
performed using the same methods as was used for the single 
component peptide samples.  The SID collision energy was held 
constant (20 eV); however, since the fragmentation efficiency is a 
function of velocity, it would be useful to program a voltage ramp 
(e.g., increasing SID energy with increasing m/z for more 
fragmentation coverage) into this experiment.  Figure 21 contains a 
2-D plot of the IM-SID-o-TOF spectra, and Table 1 contains  
the m/z values and assignments for the fragment ions.  Note that the  
for 91 
e c. Four 
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range of ions observed for digest peaks A and B in Figure 21 covers 
the mass range from m/z 500 up to the parent and that this is not the 
case for peaks C and D.  We attribute the lack of low mass ions in C 
and D to an insufficient energy deposited in the parent ion d e 
orientation of the SID surface. The grazing incidence angle does not 
permit energy conversion similar to that for FSAM coated surfaces 
positioned at an angle to the incident ion beam.  It is also high likely 
that MALDI formed ions have considerable excess internal energy and 
that this affects the SID fragment ion yields.  We see simila  
for photodissociation of MALDI formed ions.112 It should be n  
we do observe that low m/z fragment ions increase in abun  
higher translational energies.  For SID energies above 500 eV, 
Reiderer does not observe large y- or b-type fragment ions  
Figure 21, but rather significant single amino acid residue and 
immonium ion production.113  Also notice the similarity between the 
fragmentation patterns and parent peak intensity observed fo  
(m/z 780) and that for HLGLAR  (666.8) in Figure 16, peak B (m/z 
1169) and gramicidin S (m/z 1142.5) in Figure 17, and peak D and 
bovine insulin b chain in Figure 18. 
We have not listed all the fragment ions detected in the SID 
spectrum in Table 1. In particular we omitted fragment ions th
ue to th
r results
oted that
dance at
 seen in
r peak A
at  
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inv
The
fro
TO
olved loss of H2O and NH3 from bi and yj sequence fragment ions.  
 ions listed are sufficient to identify the peptides and the protein 
m which the peptides are generated.  For the data base searches, 
F mass accuracy was set to + 1 Da for both [M+H]+ ions and the 
z values of the SID fragment ions, and ion types were limited to bi 
 yj fragments.  SID fragments were manually identified by 
tching experimentally measured fragment ion m/z values with 
dicted m/z values.  We are currently developing a computer 
orithm to perform this task.  
The m/z 649 SID fragment from digest fragment A (Figure 21; 
80) corresponds to loss of a methionine residue (y6).  If we 
h the data base using the m/z of the [M + H]+ ion and the y6 
ent using PROWL’s PepFrag routine, we obtain a match against 
oteins, where 10 of the matches are cytochrome c.  If we add 
dditional SID fragments, e.g., m/z 634 (y5) and m/z 536 (b6), 
mber of protein matches is reduced to 11, where 10 are species 
pecific cytochrome c.  The sequences returned were MIFAGIK for 
hrome c and MIMKEK for IL4_TURTR Interleukin-4 precursor.  
se the MIFAGIK digest fragment is conserved from species to 
s the database identified proteins would not be species specific.  
m/
and
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 The same procedures were used to identify the remaining three 
peaks in the 2-D peptide mass map.  Digest fragment labeled B (m/z 
1169) was identified using m/z 1068 and 1011 SID fragment ions, 
and we obtained 10 matches, where 9 of the matches were conserved 
sequences for cytochrome c.  If we added the m/z 995 SID fragment 
to the search, 10 species non-specific matches for cytochrome c were 
obtained. The complete sequence for peak B can be determined from 
the fragment ion spectrum (Table 1), e.g.; the fragment ion series b6-
b10 and y6-y10 can be used to identify the complete sequence.  
three SID fragments, m/z 2025, 1935, 1912.  The use of fewer 
The data base search to identify peak C (m/z 1634) resulted in 
zero matches for m/z 1532, 1489, 1461, and 1359; however, we 
previously reported that the m/z 1634 ion was most probably a heme 
containing fragment ion.114  Subtracting the isotope-averaged mass of 
heme (615.7) from the measured m/z values, including the [M+H]+ 
ion, yields m/z 915.2 (1530.9-615.7), m/z 872.1 (1487.8-615.7), m/z 
845.4 (1461.1-615.7), and m/z 744.4 (1360.1-615.7), and the data 
base search produces 10 matches all of which are cytochrome c.  
Thus the peptide sequence for peak C is CAQCHTVEK+heme, which 
corresponds to amino acid residues 14-22.  Peak D was identified as 
Equine cytochrome c on the basis of the [M + H]+ ion, m/z 2082, and 
65 
numb
Conclusions 
It has been demonstrated that peptide mass mapping and sequencing 
can be accomplished with MALDI-IM-SID-o-TOFMS.  The peptide mass 
mapping and SID peptide data is comparable to that obtained using 
more conventional mass spectrometry techniques.  The advantages of 
MALDI-IM-SID-o-TOFMS are sample throughput and simultaneous 
acquisition of the peptide mass map and sequence analysis. Future 
work will be directed toward improving both mobility and mass 
resolution of the prototype instrument, automation of sample 
handling, and comparison of collision-induced dissociation, 
photodissociation and SID for peptide sequencing. 
ers of SID fragment ion m/z values for peak D resulted in 
identification as non-species specific cytochrome c.    
66 
CHAPTER IV 
OPTIMIZATION OF THE MALDI-IM-SID
 
-TOFMS 
EXPERIMENT 
Figures 22, 23, and 24 contain SID spectra acquired using 
adventitious hydrocarbon coated gold grids, (Figure 12, A concerning 
positioning of the grids.)  These spectra were recorded using collision 
energies of approximately 20 eV.  The spectrum (Figure 22) of RKEVY 
contains a complete series of a-, b-, and y-type fragment ions as well 
as signals for the loss of small neutral molecules such as H2O and NH3 
from many of the fragment ions.  A complete set of a-, b-, and y-type 
fragment ions are also observed for des-Arg9 bradykinin (Figure 23), 
with the exception of fragment ions resulting from cleavage of the 
pro-gly amide bond (a3, b3, and y5 ions).  The spectrum of bradykinin 
(Figure 24) is very similar to that for des-Arg9 bradykinin, and 
fragment ions resulting from cleavage of the pro-gly amide bond (a3, 
b3, and y6 ions) are also absent.  The absence of fragment ions 
resulting from cleavage of the pro-gly amide bond contradicts 
suggestions that proline lowers the bond dissociation energy for the 
adjacent amide backbone bond.115  The apparent contradiction is 
probably a result of stabilizing interaction between the N-terminal 
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arginine and the C-terminus,116,117,118 rather than some unde ing 
feature related to the surface activation process. 
Optimization of Instrumental Design 
To increase the resolution and transmission efficiency of IM we 
designed and constructed a longer, periodic focusing drift c 9 
Figure 25 contains a mass-mobility plot of a mixture of five peptides 
composed of des-Arg9 bradykinin, bradykinin, gramicidin S, subs e 
P, and α-MSH.  A mobility resolution of 50-75 was obtained using the 
new drift cell as compared to 20-30 for a conventional IM drift cell.  
The data shown in Figure 25 was acquired using near-threshold 
MALDI laser fluence, which primarily yields [M+H]+ or [M+Na]+ .  
The gramicidin S [M+Na]+ ion is observed as a weak signal with a 
slightly longer drift time and higher m/z relative to the [M+H  
signal.  Note that a plot of drift time vs. m/z yields a near-linear 
correlation for structurally related compounds.90 For example, the 
slopes, hereafter denoted as “trend-lines”, for matrix ions is very 
different from that for peptide [M+H]+ ions.120 The near-linear mass-
mobility relationship provides the basis for using IM as MS1 in the MS-
MS mode.90 The mass-mobility plot is also used to correlate the 
fragment ions to their respective precursor ions.  That is, fragme
rly
ell.11
tanc
 ions
]+ ion
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72 
ions that are formed after the precursor ions elute the drift ce e 
the same apparent drift time as the precursor ion.  On the other hand, 
fragment ions that are formed upon ionization appear at a drift time 
characteristic of that ion, and fragment ions that are formed during 
the time the ions are drifting through the drift cell have a broad, ill-
defined arrival time distribution.  The lack of observable fragme
in Figure 25 demonstrate that the [M+H]+ ions elute from the drift 
cell without excess internal energies.   
Optimization of Parameters Affecting IM–TOFMS/MS 
Figure 26 contains an SID mode mass-mobility plot for a five 
peptide mixture using an adventitious hydrocarbon coated st s 
steel surface, positioned as shown in Figure 12, at a 90 eV collision 
energy.  Fragment yields using the surface positioned 400 e 
extraction plates of the TOF were much higher (a minimum of an 
order of magnitude higher) when compared to the fragment yields of 
the in-line arrangement. The increased fragmentation eff
(intensity of ions observed) is primarily attributed to the fact that all 
ions must impact the surface for the surface positioned 400 
mass spectrometer, whereas as much as 80% of the ion beam in the 
in-line experiments may not have collided with the gold mesh.
of the five peptides yield fragment ions that can be used to dete
ll hav
nt ions 
ainles
to th
iciency 
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the amino acid sequence.  The des-Arg9 [M+H]+ ion does not survive 
activation at this collision energy and the only fragment ions that are 
detected are the b2, y2, a4, and b4. On the other hand, brady
[M+H]+ ions yield an entire series of a-, b-, and y-type fragment ions, 
with  the exception of a3, b3, and y6 fragment ions.  The gramicidin S 
SID spectrum is dominated by proline terminated fragment ions
PV (m/z 197), FP (m/z 245), PVO (m/z 311), LFP (m/z 358), PVOL 
(m/z 425), PVOLF (m/z 572), and PVOLFP (m/z 669).  Similarly, the 
SID spectrum of substance P [M+H]+ ions contains a complete 
sequence for b1 – b8 and y1 – y8 fragment ions; however, the lac
d10 or w2 fragment ion does not permit distinction between
isomeric amino acid residues of leucine and isoleucine.  At t
collision energies we do not observe fragmentation for α-MSH. 
Figure 27 contains a series of SID mass-mobility plots for 
bradykinin [M+H]+ ions obtained using an F–SAM surface.  Spe
are shown for SID collision energies ranging from 40 to 100 eV i
eV increments.  At 40 eV collision energies the fragmentation series is 
incomplete and the spectrum is dominated by y8, b8, a8, b6, a6, y4
a4, and y1 fragment ions. Increasing the collision energy to 60 eV 
results in a more complete fragmentation series with gre
individual abundances.  The fragment ion abundances are very similar 
kinin 
, i.e. 
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to that obtained for bradykinin [M+H]+ ions at 90 eV collision energies 
from a stainless steel surface; however, the ratio of the integrated 
areas for the peak corresponding to the y8/b8+H2O fragment io  
[M+H]+ ion, is 1:1 for the F–SAM and 1:10 for the stainless steel 
surface.  Increasing the collision energy to 80 eV increases the 
relative fragment ion abundances but no new fragment ion e 
observed and the overall mass resolution is decreased.  At 100 eV 
collision energies the abundances of the [M+H]+ and y8  frag t 
ions are reduced and  low m/z and immonium ions dominat e 
spectrum.  This result is consistent with the observations made by 
Riederer that SID fragment ion types are dependent on impact 
velocity.121 
The most sequence informative fragmentation appears to be 
observed between 40 and 60 eV collision energies for the F–SAM 
surface, and this corresponds to approximately a 30% reduction in 
collision energy relative to that for adventitious hydrocarbon-stainless 
steel. This observation as well as the specific types of fragment ions 
produced is consistent with work performed by Cooks, Wysock
others regarding the overall value of F–SAMs for 
experiments.122,123  In addition, the reproducibility of the SID sp
ns
s 
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is excellent, which greatly affects the analytical utility of F–SAMs for 
high throughput proteomic studies.  
Evaluation of Established Parameters 
Figure 28 contains a mass-mobility plot for F–SAM SID of a five 
peptide mixture using a collision energy of ~50 eV.  Using these 
conditions a complete set of a-, b-, and y-type fragment ions, with 
the exception of a3, b3, and y5, are observed for des-Arg9 bradykinin, 
and similar results, a complete set of a-, b-, and y-type fragment 
ions, with the exception of a3, b3, and y6, are observed for bradykinin.  
Note, however, that the abundances of the low m/z fragment ions are 
reduced with respect to those for des-Arg9 bradykinin.  The total 
number of fragment ions is also reduced for gramicidin S when 
comp
spectra shown in Figure 27 for bradykinin [M+H]+ ions where an  
ared to the results obtained using 90 eV collision energies and a 
stainless surface.    The ratio of the integrated peak area of the 
precursor ions to the sum of the integrated peak areas of the 
associated fragment ions is provided in Table 2. 
 Figure 29 contains an F–SAM SID mass-mobility plot obtained 
using 70 eV collision energy.  Only a small fraction of des-Arg9 
bradykinin [M+H]+ ions survive activation, and the only SID fragment 
ions observed have m/z values of < 650.  This result agrees well with 
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81 
increase in collision energy resulted in a depletion of the precursor 
ion.  Similar behavior is also observed for gramicidin S, e.g.  
increase in SID fragment ion abundance and a reduction in  
[M+H]+ ion abundance is observed as collision energy is increased.  
Similar results are obtained for substance P, which exhibits a near 
complete fragment ion series, a1, a2, a5, b1, b2, b4 – b8, y1, y3 –  
and the usual losses of small neutrals at higher collision energies.  
The observed fragmentation at 70 eV collision energy with an F–SAM 
surface is comparable to that observed at 90 eV (Figure 26) usi  
stainless steel surface.  The ratio of integrated peak area for
precursor ion to that of the SID fragment ions, listed in Table 
improved over that at 50 eV with an F–SAM. 
 A comparison of Figures 26 through 29 underscores an impor
feature of SID, viz., that ions activated by SID possess a na
distribution of internal energies.  From the results shown here the
of a single collision energy appears to limit the range, ~300 
where both the [M+H]+ ion survives and sufficient sequ
informative SID fragment ions are formed. It may be possibl
overcome this limitation by ramping the collision voltage during
course of the experiment.  In addition, instrument design may als
an important factor.  For example, the F–SAM surface is positioned 
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approximately one cm from the extraction region for these studies 
and there may be insufficient time, less than 10 µsec, for a large m/z 
ion (greater than m/z 1500) to undergo dissociation.  Wysocki has 
shown that the rate constants for the decomposition of peptides using 
H-SAM and F-SAM surfaces at a 35 eV collision energy are 2x104 to 
40x104 s-1, or an order of magnitude longer than the transit time from 
the surface to the extraction region for the instrument used in these 
studies. 124  Evan Williams has shown in BIRD experiments that the 
decomposition rates constants for peptides larger than m/z 1600 in 
the rapid energy exchange (REX) limit, where the internal energy 
distribution of a population of ions is a Boltzmann distribution, is on 
the order of 0.001 to 0.200 s-1.125  This means that the fragment ion 
spectra is not only dependent on the internal energy deposited into 
the precursor [M+H]+ ion and its mass, but also on the flight time 
from the collision surface to the extraction region of the mass 
spectrometer.126  The transit time from the F–SAM surface to the 
extraction region 1 cm away for an m/z 1500 ion having a scattered 
kinetic energy of 14 eV would be 4 -5 microseconds.  This short flight 
time requires higher collision energy to achieve similar fragmentation 
patterns than is typically observed by Wysocki.117  Recent work and 
RRKM modeling by Laskin et al. shows additionally that at the higher 
83 
collision energies and shorter unimolecular dissociation time scales 
that the internal energy distribution maps closely with the Boltzmann 
distribution at the REX limit as described by Williams.127,128,129 
Additional Benefits of F–SAM Surfaces 
 The importance of using F–SAM surfaces for IM–SID–TOFMS is 
clearly illustrated by the peak tailing observed in Figure 26.  Nearly 
identical fragmentation patterns for protonated peptides between m/z 
900 and 1350 using a stainless steel at 90 eV (Figure 26) were 
observed for an F–SAM at 70 eV (Figure 29). The peak tailing (peaks 
appearing at the same mass but later drift times) observed for 
substance P and α-MSH using the stainless steel surface is 
significantly reduced for the F–SAM surface.  It should be noted, 
however, that even with an F–SAM the choice of collision energy 
yields further improvements in the spectrum. That is, we see that 
collision energy affects peak tailing even for an F–SAM surface (see 
Figure 27.) By controlling the collision energy it should be possible to 
completely eliminate the peak tailing and thereby improve the 
mobility resolution. 
The amount of tailing appears to be a function of the nature of 
the surface, the nature of the impacting ion, and the collision energy.  
One possible explanation is that the ions “soft-land” onto the surface 
84 
and are desorbed by later arriving ions.  The data shown for 
bradykinin precludes this possibility as there are no other ions 
resulting from a single laser shot and subsequent laser shots are 
te).  Even at 100 eV the 
 drift time separated species (A through E) was 
determ
separated by 50 msec (20 Hz repetition ra
latest arriving ions occur approximately 300 µsec after the first 
mobility appearance time. Another possibility is that multiple-charged 
multimers, such as [(M+H)n+]n+, are formed and upon impacting the 
surface the ions decompose to from [M+H]+ ions.  We have not ruled 
out this possibility; however, we have measured the arrival time 
distribution of bradykinin ions using high-resolution ion mobility and 
we do not observe multiple peaks.130  
Experiments with a dendrimer (Figure 30) shed some light on 
this matter.  Shown in Figure 31 is the spectra acquired from a neat 
sample of the dendrimer prepared similarly to the bradykinin in Figure 
27 at 100 eV.  A single set of mobility correlated SID fragment and 
[M+H]+ ions was anticipated, but five distinct ion species were 
observed separated by a fixed increase in drift time.  The base peak 
for each of the five
ined to be the [M+H]+ ion minus four t-butyloxycarbonyl, (t-
BOC, mol. wt. 101) protecting groups with the cleavage occurring at 
the amide bond similar to that for a b or y type cleavage in a peptide.   
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The increase in SID fragments and decrease in parent ion observed 
from mobility correlated series A to E suggests that some of the 
collision energy goes into an initial fragmentation of an unobserved 
[M+H]+ increasing by one fixed mass unit (in this case the t- C 
protecting group) for each series.  Reductions in the collision energy 
(from 115 eV to 60 eV) had the expected effect of reducing the SID 
fragmentation observed for all series, however, the base peak was 
again the [M-(tBOC)4+H]+. The sample was then prepared using a 
MALDI matrix that is known to yield peptide ions with a lower internal 
energy, trihydoxyacetophenone (THAP) with the expected result being 
the prevention of the loss of the protecting groups during the MALDI 
event.  Shown in figure 32 is the result of the experiment using THAP 
as the matrix with a collision energy of 60eV.  The base peak was 
identified as the intact [M+H]+ for series A with each subsequent 
series (B through E) determined to be the loss of one additional t-BOC 
group per series.  Figure 33 shows the result when the SID energy 
was increased to 75 eV.  The loss of each of the four protecting 
groups is observed for the series A. 
The results of the dendrimer experiments suggest that the five 
mobility separated bradykinin species separated in mobility observed 
in Figure 27 are likely to be clusters of bradykinin and a multiple o
BO
f  
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some low mass adduct formed during the desorption event that are 
stabilized by collisions with the inert buffer gas in the drift cell and 
survive as intact species during the transit through the drift cell.  As 
the unknown adduct is much more loosely bound to the bradykinin 
than the labile covalently bound protecting group of the dendrimer it 
is likely that the intact bradykinin ions are more easily dissociated 
with the dissociation event occurring in the field free region between 
the drift cell and the extraction region of the TOF.  This also lea o 
the conclusion that at high field strengths the MALDI formed ions 
retain sufficient internal energy to contribute to the activation event 
with the F-SAM surface. 
Conclusion 
Efforts to optimize the combination of F–SAM SID and IM–TOFMS for 
proteomics studies are demonstrated.  The advantage of the 
simultaneous acquisition of the peptide mass map and pe
sequence information is greatly facilitated by the use of F
surfaces.  The judicious choice of surface composition and collision 
energy led to significant improvements to the experiment. 
implications of the technique include meeting the need for high 
throughput de novo sequencing of peptides and mixtures of pep
resulting from the proteolytic digest of proteins. 
ds t
ptide 
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CHAPTER V 
 
AN EVALUATION OF MALDI-IM- 
SID-TOFMS USING A HYBRID DRIFT CELL 
 
 The density of the MALDI plume in the previous instrument 
caused a discharge at the upper end of the range of the designed drift 
voltage.  To overcome the limitation imposed on the drift voltage, 
which limits mobility resolution, the first ring electrode in the periodic 
focusing drift cell was enlarged to increase the volume in the area of 
the MALDI plume.  This chapter discusses a combination of the first 
hich utilized an in-line sample probe and a focusing 
uare root of the drift 
instrument, w
linear field to focus the MALDI formed ions to the orifice separating 
the drift cell from the primary ion optics, and the periodic focusing 
drift cell of the second instrument.  The result provides a larger 
volume for the formation of ions by MALDI, a continuing focus of the 
ion beam to increase sensitivity, and evaluation of the possibility of 
incorporating a multi-sample plate similar to that used in other 
TOFMS instruments in Russell group, i.e. ABI 4700 TOF-TOF. 
 The theoretical resolution for any drift cell operating at the low 
field limit can be calculated as function of the sq
92 
voltage, R=1.84*V-2.  For a ted at 2400 V (the upper 
limit of the drift cell under ev luation due to the breakdown 
characteristics of resolution 
would b ectrum 
acquired for crystal violet (m/z 374) using the hybrid drift cell 
-1 -1
-1 -1
-1 -1
-1 -1 -1 -1
 do not 
 drift cell opera
a
 the bath gas) the theoretical mobility 
e 90 t/∆t FWHM.  Figure 34 contains the mobility sp
operated at 13 V cm  Torr  (4.5 Torr He, 2400 V drift potential, and 
a drift cell length of 40 cm), which is above the low field limit.  A 
mobility resolution of 61 (t/∆t) at FWHM was achieved.  The mobility 
resolution for 1.3 Torr He (60 V cm  Torr ) was 21, and for 2.1 Torr 
He (29 V cm  Torr ) was 33 (see inset Figure 34.)  The slope of the 
best fit line constructed for the plot of mobility resolution vs. pressure 
would provide the pressure at which the theoretical mobility resolution 
would be reached.  This pressure was determined to be 7.1 Torr, or 8 
V cm  Torr , very near the low field limit of 6 V cm  Torr .  
Unfortunately these near ideal mobility resolutions for the drift cells 
constructed in this laboratory are observed only for neat samples of 
C60 and crystal violet, which can be desorbed and ionized without a 
matrix, and not with peptide samples which typically do no better 
than 20 to 30 t/∆t at FWHM.  The reason peptide samples
obtain the theoretical resolution like the neat samples of C60 and 
crystal violet is in the dynamics of the MALDI process.  Peptides  
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require the presence of a matrix to desorb and it has been shown that 
the MALDI process is likely to be a cluster emission mechanism.131
the case of the mobility drift cell if the cluster does not dissoc
  In 
ia  
promptly, or at least very quickly after desorption, the arrival tim  
distribution will widen as the cluster loses mass and subsequen  
volume. 
 The numbers for the hybrid drift cell mobility resolution indicate 
the marriage of the two technologies should not limit the sensitivity as 
the second stage periodic focusing drift cell is still able to limit band 
broadening of the ion packet as it elutes through the drift cell.  
However, as this experiment includes SID to achieve the simultaneous 
acquisition of partial sequence information for peptides in the PMM, 
the SID surface must be considered in the sensitivity issue as 
collisions with surfaces can and do quench ions.  Figure 35 contains 
the mass spectrum obtained for 60 femtomoles of fibrinopeptide A 
(m/z 1537, AA sequence ADSGEGDFLAEGGGVR) deposited to the 
sample probe tip.  The probe tip size was 0.125 inches in diameter.  
Data was acquired for fifty seconds. Abundant [M+H]+ ions where 
observed as well as  [M+H]+-NH3 ions.  The S/N for this short run w  
insufficient to identify any SID fragments. As the sample was not 
depleted it was possible to redeposit the sample with methanol an
te
e
tly
as
 d 
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the experiment repeated.  The redeposition and data acquisition was 
repeated five times.  The resulting spectra for each of the six spectra 
were similar in appearance with no observable difference in ion 
intensity.  Further modeling of the periodic drift shows that the inner 
diameter of the rings used in constructing the drift cell for these 
studies only allows the transmittance of 10% of the total ions through 
the 300 micron orifice.  This transmission efficiency can be increas  
to nearly 50% by reducing the inner diameter of the rings.  The 
reduction of the ring inner diameter reduces the size of the line  
portion of the periodic field before the ions see a focusing or 
defocusing region, thereby reducing the radial diffusion of the ion 
beam to a diameter closer in size to the orifice. Further improvemen  
in the transmission efficiency of the drift cell can be realized by 
increasing the orifice diameter to 500 microns and using a differential 
pumping region to handle the resulting increased gas flow out of t  
drift cell. It is also important to note at this time that the design of 
the probe tip allows the sample deposited to cover almost one eighth 
of an inch in diameter.  It is possible with a redesign of the probe  
to keep the sample spot smaller that ion formation can be improved 
and consequently the S/N.  This demonstrated sensitivity is for io  
impinging on the F-SAM SID surface and then entering the extraction 
ed
ar
ts
he
tip
ns
97 
region of the mass analyzer which demonstrates the ability of the 
FSAM surface to prevent large scale quenching of the ion beam.  Of 
further significance is the age of the surface used for this experiment.  
The surface used to acquire this spectrum has been in service for two 
years with the only maintenance being a periodic sonication in 
ethanol.  The extended service life of this surface can be attributed to 
the robustness of the self assembled monolayer, the pulsed nature of 
the MALDI experiment, and the ratio of the size of the impinging ion 
beam to the surface size which permits the movement of the surface 
relative to the ion beam permitting a large percentage of the surface 
to be used over time.   
 Another concern for SID is the run-to-run reproducibility of SID 
fragmentation spectra.  Figure 36 contains a graph for the parent and 
five selected SID fragment ions of gramicidin S.  Twenty replicate 
runs for each were acquired and the peak heights were compared.  
The greatest difference is 6% run-to-run for the SID fragment PVO.  
This reproducibility of fragment ion signatures coupled with the 
robustness of the FSAM surface makes SID an ideal partner in 
coupling IM to TOFMS for tandem MS studies. 
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CHAPTER VI 
 
A COMPARISON OF SID, CID, AND 
PHOTODISSOCIATION FRAGMENT ION SPECTRA FOR 
MODEL NON-TRYPTIC AND TRYPTIC PEPTIDES 
 
Model Non-tryptic Peptides 
 To determine the analytical utility of MALDI-IM-SID-TOFMS the 
SID fragmentation spectra obtained for a series of model peptides 
was compared to that obtained using photodissociation employing an 
in-house built MALDI-photodissociation-TOFMS, and with CID obtained 
using an ABI 4700 TOF-TOF.  Figures 37, 38, and 39 contain 
respectively the SID, CID, and photodissociation fragmentation 
spectra for RKEVY (RKEVY, 694 m/z).  The observed fragmentation is 
dominated by complete an and bn series fragment ions with the m t 
intense signals observed being from the loss of NH3.  The fragments 
of greatest abundance are the b2-NH3 followed closely by the b4+H .  
These fragments are of greater abundance than the immonium ions.  
At a lower SID collision energy, 20 eV as compared to 50 eV, (see 
Figure 22) the immonium ion production is much less. With the  
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exception of the y1 ion no other yn series ions were identified the 
SID fragmentation of RKEVY.   
 The CID fragmentation spectrum in Figure 38 is also dominated 
by complete an and bn series fragment ions with the most in nse 
signals observed being from the loss of NH3.  The fragments of 
greatest abundance are the b4+H2O followed closely by the b H3.   
These fragments are not of greater abundance than the arginine 
immonium ion and are of comparable intensity to the other immonium 
ions.  With the exception of the y1 and y4 ions no other yn serie ons 
were identified in the CID fragmentation of RKEVY. 
 The PD fragmentation spectrum in Figure 39 is also dominated 
by complete an and bn series fragment ions.  The fragmen  of 
greatest abundance are the a4 ion and the immonium ions.   No yn 
series ions were identified in the PD fragmentation of RKEVY.  Of 
much greater abundance are the da2 and da4 ions.  Immonium ion 
abundances are most similar to the immonium ion abundances of the 
CID spectra. 
 Figures 40, 41, and 42 contain respectively the SID, CID, and 
photodissociation fragmentation spectra for methionine enkaphalin 
Arg-Phe (YGGFMRF, 878 m/z.)  The SID fragmentation spectrum in 
Figure 40 is dominated by complete bn series fragment ions with  
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much less loss of NH3 being observed. This is as expected from the 
mass dependence of SID fragmentation as the collision energy used is 
only 5eV more than that used for RKEVY which is 184 m/z less. The 
fragments of greatest abundance are the b6+H2O followed closely by 
the b3 and a4 ions.  These fragments are of greater abundance than 
the immonium ions.  With the exception of the y2-NH3 ion no ot n 
series ions were identified in the SID fragmentation of methionine 
enkaphalin Arg-Phe. 
 The CID fragmentation spectrum in Figure 41 is also dominated 
by complete bn series fragment.  The fragments of gr  
abundance are the b6+H2O followed closely by the b3 and a4 ions.  The 
b3 and a4 fragment ions are not of greater abundance than the 
arginine immonium ions.  The immonium fragment ion abun nce 
pattern is very similar to that of the SID fragmentation pattern. Due  
to the excellent signal to noise of the ABI 4700 a near complete yn 
series ions was identified in the CID fragmentation of methionine 
enkaphalin arg-phe. 
 The PD fragmentation spectrum in figure 42 is dominated by 
complete an and bn series fragment ions with the most intense signals 
observed being from immonium ions. The an, bn, and yn fragments are 
of much lower abundance when compared to the CID and SID s a 
her y
eatest
da
pectr
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and also  the immonium ions present in the PD spectra.  Of much 
greater abundance are the v7 and v4 ions.  These vn ions are not 
present in the SID and CID spectra.  
 Figures 43, 44, and 45 contain respectively the SID, CID, and 
photodissociation fragmentation spectra for angiotensin III (RVYIHPF, 
932 m/z.)  The SID fragmentation spectrum in Figure 43 is composed 
of complete an and bn series fragment ions with a predominate loss of 
NH3 being observed and dominated by smaller m/z an series fragment 
ions. This is not as expected as the same collision energy is used for 
the angiotensin III peptide as the lower m/z RKEVY peptide (54 m/z 
less), and is not the fragmentation pattern that is observed in the CID 
or PD spectra. The fragments of greatest abundance are the a2-NH3 
followed closely by the b3-NH3 and b2-NH3 ions.  These fragments are 
of greater abundance than the immonium ions with the exception  
of the histidine immonium ion.  With the exception of the y2 ion no 
other yn series ions were identified in the SID fragmentation of 
angiotensin III. 
 The CID fragmentation spectrum in Figure 44 is composed of 
complete an and bn series fragment ions with a predominate loss of 
NH3 being observed.  The fragments of greatest abundance are the  
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immonium ions followed by b6+H2O and a2-NH3 ions.  The immoni  
fragment ion abundance pattern is very similar to that of the SID 
fragmentation pattern. Again due to the excellent signal to noise of 
the ABI 4700 side-chain cleavages leading to da2 and da4 ions were 
identified in the CID fragmentation of angiotensin III.  A more 
complete yn ion series was identified in the SID fragmentation of 
angiotensin III dominated by the y2, y3, and y6 ions 
 The PD fragmentation spectrum in Figure 45 is composed of 
complete an and bn series fragment ions with a predominate loss of 
NH3 being observed. The immonium ions present in the PD spectra 
are of much lower abundance when compared to the CID and SID.   
The typical appearance of ions resulting from side-chain cleavages 
were not identified in this spectrum.  The fragment ion abundan  
with the exception of the much lower immonium ions were most 
similar to the CID spectra.  The fragmentation pattern for angiotensin 
II (not included) follows the trends previously observed for PD 
induced fragmentation.  This indicates that the excitation laser w
lower in intensity for this particular peptide.  
Tryptic Digest Model Peptide 
 Figures 46, 47, and 48 contain respectively the SID, CID, 
photodissociation ion fragmentation spectra acquired for  
um
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fibrinopeptide A (ADSGEGDFLAEGGGVR, 1537 m/z.)  The SID 
fragmentation spectrum, for 95 eV SID, in Figure 46 is dominated by 
the almost complete yn series of ions (only the y15 was not identifi  
as is expected for a C-terminal arginine peptide similar to those 
formed by tryptic digestion. Internal fragment ions as well as the 
usual loss of small neutrals for an and bn ions are also observed but of 
lesser abundance and as such are not labeled in Figure 46 to avoid 
congestion.  Immonium ions at this collision energy are not f 
significant abundance.  Of note is the presence of the wa8 ion.  This 
ion which is the result of a side-chain cleavage that is possible using 
SID permits the identification of the amino acid as leucine rather than 
isoleucine.  The only ambiguity that would remain for determination of 
the complete peptide sequence would be whether or not the  
terminus sequence was AD or DA.  The lack of a b1 or y15 ion prevents 
this determination from being made. 
 The CID fragmentation spectrum in Figure 47 is also domina
by the almost complete yn series of ions.  The y9 and y14 are
greater abundance than in the SID spectrum, but otherwise 
information content is the same.  The immonium ion intensity is a
very similar to that of the SID spectrum.  The side-chain cleavage 
wa8 is also observed, but as stated before the lack of a b1 ion  
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y15 ion does not allow complete unambiguous sequence identification.
 The PD fragmentation spectrum in Figure 48 is also dominated 
by a near complete yn series of ions.  The wa8 ion is of much greater 
intensity.  This is typical for photodissociation experiments.  The 
fragmentation abundances with the exception of the side-chain 
cleavage products were most similar to that of the SID experiment.   
A Special Case – Gramicidin S 
 The interest in gramicidin S by the pharmaceutical industry as 
an antibiotic, an immunosuppressant,132 and a cardiodepressant133 
has elicited greater interest in the biosynthesis of gramicidin S.  A 
particular problem in the biosynthesis of gramicidin S is that five 
linear analogs as well as the cyclic peptide can be and are produced.  
Determining the production ratios of these six variants is not an easy 
analytical task.  The application of MALDI-IM-TOFMS to the problem 
met with some limited success.  Encouraged by the results MALDI-IM-
SID-TOFMS was applied to the problem with the expectation that the 
resulting SID fragmentation correlated with the parent ion would 
make identification both possible and quick.  
 Figures 49 through 54 contain the SID ion spectra for gramicidin 
S and five linear analogs that can be made by moving the C-terminal 
amino acid residue to the N-terminus serially.  For each spectrum the  
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SID collision energy was 65 eV.  The spectrum contained in Figure 49 
is of the linear analog amino acid sequence PVOLFPVOLF.  A complete 
bn ion series is observed and is the dominate SID ion series.  
Unlabeled peaks in the spectra correspond to lesser abundant internal 
fragment ions, the yn fragment ions, and an series ions.  The proline 
“proline effect” (the observed dominance of dissociation pathways d
to the cleavage of the amide bond to proline attributed to the lower 
dissociation energies for peptide bonds near proline residues) 
observed with the dominate SID fragment ions in the spectra being 
b5, b4, b3, and b2.  The spectrum contained in Figure 50 is an S
fragment ion spectrum of the linear analog FPVOLFPVOL.  A complete 
bn ion series is observed and is the dominate SID ion serie  
Unlabeled peaks in the spectra correspond to lesser abundant internal 
fragment ions, the yn fragment ions, and an series ions.  The “proline 
effect” is observed with the dominate SID fragment ions in the 
spectra being b6, b5, b4, b3, and b2.  As the proline was moved one 
position further from the C-terminus the intense component of the 
series of fragment ions increased by one.  As the N-terminus is still 
the more basic than any residue at the C-terminus yn ions are of low 
abundance. The spectrum contained in Figure 51 is the spectrum for 
the linear analog LFPVOLFPVO and continues with the observed tren
ue 
is 
ID 
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in bn ions.  However a very abundant y3 ion is observed.  This is due 
to the fact that the C-terminal residue is now basic enough to 
compete with the N-terminus for charge retention and with the help of 
the proline at that position becomes a favorable bond for cleavage.  
The spectrum contained in Figure 52 is the SID fragmentation 
spectrum for the linear analog OLFPVOLFPV which continues the 
observed trend for bn ions but has an additional y2 ion which is 
favored by the location of the second proline.  Also seen is tha e 
steady increase from low mass bn ions to high mass bn ions is not as 
constant as in the previous linear analogs.  Now the charge retention 
though favored by the N-terminus finds that the two prolines are now 
very likely to direct the fragmentation that is observed rather than 
leaving the fragmentation to the proline closest to the C-terminus.  
This result suggests a series of experiments to be performed at a 
lower collision energy with the same linear analog series.  The 
expected result would be that the steady increase would return.  It is 
likely that at 65 eV SID that there is sufficient translational energy 
converted to internal energy for the ion that the observed 
fragmentation is not the result of a single unimolecular dissociation 
event but two on the timescale of the reaction.  The spectrum 
contained in Figure 53 is the SID fragmentation spectrum of the linear 
t th
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analog VOLFPVOLFP.  In addition to a near complete bn SID fragment 
ion series the y6 and y7 SID fragment ions are also observed.  This 
suggests that the basicity of the FP amino acid series competes 
favorably with the N-terminus to direct the fragmentation. 
 The spectrum contained in Figure 54 is the SID fragment ion 
spectra observed for cyclic gramicidin S, LFPVO-cyclo.  All SID 
fragment ions observed are internal fragments.  This is as expected 
as there is no N- or C-terminus.  The other major difference between 
the spectrum for the cyclic gramicidin S and its linear analogs is the 
ratio of the SID fragment ions and the surviving [M+H]+ parent.  The 
lower SID fragment ion intensities for the cyclic gramicidin S can be 
easily accounted for by taking into account the amount of energy 
need for ring opening before the resulting SID fragment ions can be 
formed. However, it can be seen that once ring opened, as is the case 
with the linear analogs, the prolines direct the SID fragment ions that 
are observed.  The most likely site of ring opening then can be 
determined by comparing relative bn and yn appearances and 
intensities it is seen that the SID fragmentation patterns for the linear 
analogs.  It is relatively easy to see that the fragmentation pattern for 
the linear analog in Figure 51, LFPVOLFPVO.  From this result a case 
127 
can be made for the ring opening to occur at the ornithines, the most 
basic amino acid residue in the peptide. 
 Also of note for these six peptides is the continued low 
abundance of immonium ions observed for the other peptides in this 
side benefit that is not obvious in that Laskin has shown that at these 
study.  The low abundance of immonium ions is not typical for other 
groups working with SID.  However, as the collision energy is 
increased with the MALDI-IM-SID-TOFMS instrument the parent is 
further depleted, SID fragment ion intensities do increase with onset 
of the appearance of immonium ions and a depletion of higher mass 
SID fragment ions until only the immonium ion for proline is 
observed.  This is the pattern that is observed by other groups.  The 
difference can be attributed to the instrument geometry and the use 
of the drift cell.  That is the ions are thermalized as they transit 
through the drift cell.  Additionally the current instrument geometry 
allows for only a very short transit time, less than 2 µsec for an ion of 
m/z greater than 1000, from the F-SAM surface to the extraction 
region of the mass analyzer.  Laskin et al showed that at such short 
reaction times for unimolecular decay to occur that higher SID 
collision energies are required.  This observation is in good agreement 
with our results as we typical use higher collision energies.  There is a 
128 
higher collision energies the internal energies of the activated ions 
possess a thermal distribution.  This may be the reason for the very 
high reproducibility of SID fragment ion spectra observed. 
 The reproducibility of the SID fragmentation spectra obtained 
employing MALDI-IM-SID-TOFMS provides quick results with a high 
confidence in the ability to differentiate between gramicidin S and its 
five linear analogs.  All five linear analogs produced strikingly different 
SID fragmentation fingerprints.  As the SID fragment ion intensities 
for gramicidin S were lower (and the parent ion intensity higher) at 
the same collision energy than those for the linear it is clear that 
some of the translational energy converted to the peptide’s internal 
energy is used to ring open gramicidin S.  After ring opening further 
fragmentation follows the “proline effect:” observed for the linear 
analogs.  Comparison of the SID fragmentation patterns for the linear 
analogs to gramicidin S suggests that the ring opening most likely 
occurs at the ornithines residue.  Further improvements in the 
resolving power of the periodic focusing drift cell will enable MALDI-
IM-SID-TOFMS to quickly differentiate between the possible products 
of the biosynthesis of gramicidin S. 
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CHAPTER VII 
 
TRYPTIC DIGEST OF HEMOGLOBIN, A TALE OF TWO 
 was spotted at the same time on 
the sample plate for the ABI 4700 and the SID instrument.  In order  
INSTRUMENTS 
 
A tryptic digest of hemoglobin was run on a MALDI-IM-SID-
TOFMS and an ABI 4700 TOF-TOF with high repetition rate micro 
crystal lasers.  In both cases the operating conditions of the 
instruments were adjusted to optimize the SID or CID fragment ions 
observed.  The high rep rate laser on the ABI 4700 TOF-TOF was 
operated at 200 Hz.  An identical micro-crystal laser was used on the 
MALDI-IM-SID-TOF instrument but operated at 400 Hz.  Total 
acquisition time for the ABI-4700 TOF-TOF was 15 minutes.  This time 
is longer than average as two peptides in the PMM are very close in 
mass and required significant tweaking to observe separate CID 
spectra for residues 104-115 β−subunit (m/z 1266.6) and 30-39 β-
subunit (m/z 1275.5, see Figures 55 and 56.)  The total acquisition 
time for the SID fragment ion spectra was less than one minute.  The 
same digest and sample preparation
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to decrease the signal intensity of the heme group the settled digest 
was not agitated to mix the separated layers, a layer that was more 
red (higher heme containing fraction) had settled to the bottom.  O  
the supernatant was used in these experiments. 
Figure 55 is the 2D mass-mobility plot for the tryptic digest of 
hemoglobin. The heme group and eight peptides are observed in the 
PMM, residues 30-39 β-subunit, 104-115 β-subunit, 17-31 α-subunit, 
41-56 α-subunit, 76-94 α-subunit, 95-115 β-subunit, and 41-65 -
subunit, and SID fragment ions are observed for the heme group, 
residues 30-39 β-subunit, 104-115 β-subunit, -31 α-subunit, and 41-
56 α-subunit. Once an updated version of the instrument currently 
under construction is equipped with the capability to ramp the SID 
collision energy SID fragments will obtained for all peptides in the 
PMM. 
Figure 56 contains the PMM obtained using the ABI 4700 T
TOF.  The heme group and seven peptides are observed in the PM
residues 132-143 β-subunit, 30-39 β-subunit, 104-115 β-subunit, 
31 α-subunit, 41-56 α-subunit, 76-94 α-subunit, and 95-115
subunit with no CID fragment ions identified.  Each of these pept
were individually selected and interrogated to obtain sequence  
nly
 α
OF-
M, 
17-
 β-
ides 
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information by CID fragmentation.  The 41-56 α-subunit observed in 
the IM-MS 2D plot was not observed as the mass range for the TOF-
TOF was not extended to include it.  The 132-143 β-subunit tryptic 
peptide may have been present in the IM-MS plot but as only a single 
SID fragment and no conclusive assignment was made. 
Figure 57 contains the integrated mass spectra of residues 104-
115 β-subunit for the drift time range from 1125 to 1150 µsec. SID 
fragments identified  are b2 through b5 and y1 through y7.  This 
sequence information is sufficient to identify the entire sequence with 
the exception of the differentiation of between leucine and isoleucine.  
The S/N achievable with the 30 cm linear TOF was not high enough to 
make any unambiguous identification of any side-chain cleavages 
necessary to identify these amino acids as leucine.  Figure 58 contains 
the CID spectrum residues 104-115 β-subunit for the drift time ra
from 1125 to 1150 µsec. The S/N is sufficient to add identif
complete yn series of ions and side-chain cleavages to identify all 
the leucine in the b2 position can unequivocally be assigned as 
leucine, the remaining side-chain cleavages are either isomass w
other CID fragment ions or are not observed.  Even had the si
chain cleavage product ions been observed in the SID fragment 
spectra the information thus obtained would also have b
nge 
y a 
but 
ith 
de-
ion 
een 
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insufficient to make any unambiguous determination as to the 
complete sequence. 
 Figure 59 contains the integrated mass spectra of the tryptic 
peptide residues 30-39 β-subunit for the drift time range from 1125 to 
1150 µsec.  SID fragments identified are b2 through b5 and y1 through 
y7. This sequence information is also sufficient to identify the entire 
sequence with the exception of the differentiation of between leucine 
and isoleucine.  The S/N achievable with the 30 cm linear TOF was not 
high enough to make any unambiguous identification of any side-
chain cleavages necessary to identify these amino acids as leucine.  
Figure 60 contains the tryptic peptide residues 30-39 β-subunit 
obtained with the ABI 4700 TOF-TOF.  The only useful side-chain 
cleavage was to determine an unequivocal sequence for the tryptic 
peptide is the d2a which allows assignment of the second amino acid 
residue from the N-terminus to be leucine. 
The information content of the MS/MS spectra was equivalent 
for the CID and SID experiments.  The advantage of SID with respect 
to CID is the simultaneous acquisition of the PMM and partial 
sequence.  The utility of the MALDI-IM-SID-TOFMS will be extended 
with better mass resolution, the ability to ramp the SID energy, and 
the addition of a multi-sample plate. 
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CHAPTER VIII 
 
SUMMARY 
 
 One of the current challenges of bio-analytical chemistry is the 
analysis of exceedingly complex mixtures of biolog l 
macromolecules. Time-of-flight (TOF) mass spectrometry combined 
with MALDI has unique potential for such studies.  Ion mobility 
spectrometry (IMS) combined with TOF-MS can be used for rapid, 
high-sensitivity analysis of proteins.  This dissertation describes 
efforts to develop an advanced IM-TOF-MS instrument to carry out 
high throughput analysis of peptides and protein digests.     
 This dissertation also describes development of IM-TOF-MS for 
tandem MS using SID, for high throughput analysis of complex 
mixtures of biological samples.  It has been demonstrated that I
SID-TOF-MS provides rapid, high sensitivity (low femtomole) analysis 
of purified proteins and complex protein mixtures.  When coupled with 
high repetition rate lasers the data acquisition is improved by an or
of magnitude; hundreds of seconds using a 30 Hz nitrogen laser 
tens of seconds using the kHz Nd:YAG laser. The IM-SID-TOF-MS 
apparatus is unique because the sample is ionized and the individ
ica
M—
der 
and 
ual 
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analytes are separated o obility.  The separated 
analyte ions are then activated by D and analyzed by TOF-MS.  This 
instrument configuration pos e analytical advantages of 
C- or LC-MS; however, separations using IM are very rapid, 
n the basis of ion m
SI
sesses the sam
G
requiring 10 ms-10 ms, and the elution time can be correlated to the 
mass of the ion.  Thus, IM-SID-TOF-MS can be used as a tandem 
mass spectrometer. The proposed IM-TOF-MS instrument represents 
a “paradigm shift” in protein identification methodology.  The 
simultaneous acquisition of the peptide mass map and peptide 
sequence information for rapid, sensitive, high-throughput 
applications has been demonstrated. 
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